The effects of lovastatin therapy on the parameters of body cholesterol metabolism were explored in nine hypercholesterolemic patients. Long-term cholesterol turnover studies were performed before therapy, and were repeated after 15 mo of lovastatin therapy (40 mg/d) while continuing on therapy. The major question addressed was whether a reduction in plasma cholesterol level with lovastatin would be associated with a reduction in the wholebody production rate of cholesterol or with the sizes of exchangeable body cholesterol pools as determined by the three-pool model of cholesterol turnover. The mean plasma cholesterol level decreased 19.4% (from 294 to 237 mg/dl), and low-density lipoprotein cholesterol decreased 23.8% (from 210 to 159 mg/dl) with lovastatin therapy. Changes in high-density lipoprotein cholesterol level were not significant. The cholesterol production rate did not change significantly with therapy (1.09 +/-0.10 [mean +/-S.D.] vs. 1.17 +/-0.09 g/d). By comparison, colestipol and niacin treatment in three other subjects more than doubled the cholesterol production rate (1.14 +/-0.28 vs. 2.42 +/-0.34 g/d). Thus, hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase inhibition by lovastatin at the therapeutic dose used here did not change the steady-state rate of whole-body cholesterol synthesis. Despite the changes in plasma cholesterol levels, no significant changes were seen in the values of M1, of M3 or of Mtot, the sizes of the pools of rapidly, […] 
Introduction
Lovastatin is a member of a new class of potent plasma cholesterol-lowering agents which are competitive inhibitors ofthe CoA)' reductase (1) . This enzyme catalyzes the rate limiting step in cholesterol biosynthesis, the conversion of HMG-CoA to mevalonic acid. Inhibition of HMG-CoA reductase would be expected to lower cellular concentrations ofcholesterol, and thereby stimulate the synthesis of LDL receptors. This formulation is supported by reports that lovastatin treatment induces messenger RNA for LDL receptors in liver in animals (2) , and increases the fractional rate of removal of LDL from the circulation in humans (3, 4) .
Very little information is available about the effects of HMG-CoA reductase inhibition on body cholesterol metabolism or homeostasis in intact humans. Sterol balance studies in five familial hypercholesterolemia heterozygotes showed that lovastatin caused a significant decrease (22-44%) in the output of neutral and acidic steroids in three patients, but no alterations in two others (5) . Similarly, lovastatin caused a moderate decrease in the urinary excretion ofmevalonic acid (6, 7), a finding that was considered to reflect a moderate inhibition of body cholesterol synthesis.
Whole-body cholesterol turnover in humans can be studied by analyzing the turnover of plasma cholesterol after injection of radiolabeled cholesterol complexed with lipoproteins (8, 9) . In previous work from this laboratory, we found that a three-pool compartmental model fitted the long-term cholesterol turnover curves in both normal subjects and in patients with a wide variety of abnormal serum lipid values (8) (9) (10) (11) (12) . Analysis of turnover studies with this model provides estimates of the masses of exchangeable cholesterol and of the rates of flux of cholesterol in the pools and in the whole body. Four major model parameters, namely production rate (PR), the size of the rapidly exchanging compartment (MI), and the minimum values of the size of the slowly exchanging pool 3 (M3min) and oftotal body exchangeable cholesterol (M,0,min), can be predicted by simple equations involving body weight, plasma lipid levels, and age (9) . In contrast, neither the levels of HDL cholesterol or its apoproteins (1 1), nor those of HDL subfractions (12) provided additional predictive information about the parameters of whole body cholesterol metabolism.
We now report the results ofa series ofcholesterol turnover studies that were carried out in hypercholesterolemic patients before therapy, and then again at a later time while on longterm lovastatin therapy. The objective of the study was to determine whether reduction in plasma total and LDL cholesterol with lovastatin would be associated with a significant reduction in the whole-body cholesterol production (synthesis) rate, or in the sizes of exchangeable pools of body cholesterol. Lovastatin therapy to lower plasma cholesterol did not lead to significant reductions in body cholesterol pools or in wholebody cholesterol synthesis.
Methods
Subjects studied. 12 volunteer subjects with high blood cholesterol levels were recruited for this study of the effects of drug treatment on total body cholesterol turnover. Written informed consent was obtained from each. The subjects were all patients, attending the Lipid Clinic of the Arteriosclerosis Research Center at the Columbia-Presbyterian Medical Center, who had previously undergone long-term cholesterol turnover studies (38-46 wk in duration). Before the initial (previous) turnover studies, the subjects had all been instructed in a diet containing reduced amounts of cholesterol (<300 mg/d) and of saturated fat (< 10% of calories), as described previously (9, 11) . The subjects were all seen at regular intervals by a nutritionist, before and during the turnover studies, to ensure compliance with the diet. The results of these initial cholesterol turnover studies, conducted before the patients received drug therapy, have been reported previously (9, (11) (12) (13) .
The clinical characteristics of the subjects are provided in Table I , where the patients are also identified by their previously assigned study numbers. At the time of the initial turnover studies a genetic classification of each subject was attempted, as described previously (9) . Of the 12 subjects in the present study, five had been classified as familial hypercholesterolemia. In the other seven subjects, the presence or absence of a familial disorder was indeterminate (see Table 1 ).
The protocol for the study was as follows: (a) recruitment of subjects who had previously had turnover studies; (b) drug treatment for 15 mo, and (c) repeat long-term cholesterol turnover study, while continuing on drug therapy. Nine subjects were treated with lovastatin, 20 mg twice a day, to lower their total and LDL cholesterol levels. Treatment with lovastatin was begun at varying time intervals (1-5 yr) after the completion of the initial cholesterol turnover study. After 15 mo of lovastatin therapy, a new cholesterol turnover study was begun. The subjects continued lovastatin therapy, and remained at their drug-treatment steady-state lipid levels, throughout the duration of the study. The subjects in the lovastatin study were all on diets that were similar to those they had consumed at the time of the initial cholesterol turnover study. Specifically, the subjects consumed < 300 mg/d of cholesterol and < 10% of calories as saturated fat. As in the earlier turnover studies, all subjects were seen at regular intervals by a nutritionist, and compliance with the recommended diet was judged to be good. The observed characteristics of the subjects during the lovastatin Three patients who had previously had cholesterol turnover studies performed before receiving drug therapy had repeat cholesterol turnover studies carried out while being treated with the bile acid sequestrant resin colestipol hydrochloride (20 g/d) plus niacin (3-3.5 g/d). The patients had been receiving this combined drug therapy for 15-21 mo before the start of the repeat study, and continued on drug treatment throughout the turnover study. It is known that resin therapy increases the turnover and production rate of cholesterol (14) . The characteristics of these subjects are also shown in Table I . These three subjects were studied at the same time as those receiving lovastatin, to allow for a comparison of the effects of the two different drug treatment regimens on the parameters of the three-pool model.
Cholesterol turnover studies and their analysis. [4-'4C]Cholesterol
(New England Nuclear, Boston, MA), complexed with the subject's own serum lipoproteins, was injected intravenously; and the specific radioactivity of serum total cholesterol was determined in samples collected serially thereafter, as described in detail previously (8, 9, 11) . The amounts of radioactivity injected (-25 uCi per subject) were measured precisely. Information about the turnover studies that were carried out before drug therapy has been reported in previous publications (9, (11) (12) (13) . The repeat cholesterol turnover studies, carried out during drug therapy, were each -280 d in duration. 21 blood samples were obtained during each study, at times that were selected, based on the accumulated results of previous turnover studies, to provide good estimates of the parameters of the three-pool model. The total cholesterol and the specific radioactivity of cholesterol in each sample were determined as described previously (8, 9, 11); these determinations were carried out in triplicate and the mean of the triplicate values used for each data point.
In each study, the specific radioactivity data were analyzed by a weighted, least squares technique (15) to determine the parameters of a three-pool mammillary model that would provide the best fit. The model and these analyses have been described in detail previously (8, 9) . Six unique model parameters were determined: PR (cholesterol production rate in grams per day), Ml (size ofpool 1 in grams), and the constants k12, k21, k31, and k13 (rate constants for transfer between pool 2 or 3 and pool 1 in days-'). Minimum values for the size of pool 2 (M2), of pool 3 (M3), and for the amount of total exchangeable body cholesterol (M101) were computed by assuming that all new cholesterol enters pool 1. Analytical and statistical procedures. In the initial turnover studies (before drug treatment), cholesterol and triglyceride concentration were measured using Autoanalyzer I methodology (Technicon Instruments Corp., Tarrytown, NY). In the repeat turnover studies (on drug therapy) these lipids were measured with automated enzymatic methods, (ABA 100, Abbott Laboratories, Chicago, IL). Cholesterol in LDL and HDL was measured using procedures specified for the Lipid Research Clinics Program (16) and the laboratory was standardized with the Centers for Disease Control.
Comparisons of lipid levels and model parameters before and during treatment were carried out using paired t tests. Parameters for which predictive equations have been developed (9) were also analyzed by adjusting the observed difference in each parameter for changes in body weight and age and studying the significance of the adjusted differences by t tests.
Results
Responses to cholesterol lowering therapy. As shown in Table  I , lovastatin therapy reduced the levels of plasma total and LDL cholesterol in every subject studied. The mean (±SD) decrease in total cholesterol (see Table IV below) was 56.9±18.9 mg/dl, representing a mean reduction of 19%. The LDL cholesterol level was reduced by 50.5±13.3 mg/dl (mean±SD), a mean reduction of 24%. These plasma cholesterol reductions were highly significant (P < 0.001). The plasma triglyceride level showed a mean decrease of 14% (mean±SD reduction 29.7±54.5 mg/dl). HDL cholesterol levels showed no significant change with therapy (with a mean±SD change of +2.9±5.4 mg/dl).
The three patients treated with resin and niacin also showed substantial decreases in their plasma levels of total cholesterol (mean reduction 28%) and LDL cholesterol (mean reduction 39% in the two subjects who had lipoprotein measurements; see Table I ).
Effects ofdrug treatment on the model parameters ofbody cholesterol metabolism. Table II Abbreviations as in Table I .
* LDL-C and HDL-C (LDL-cholesterol and HDL-cholesterol) mean values are not given for the colestipol-treated patients, since lipoprotein data for the initial (before drug Rx) study were not available for all three patients.
drug therapy in each physiological variable and model parameter, and summarizes the results of the statistical analyses to estimate the significance of each of the observed changes. Fig.  1 shows representative data obtained from studies performed before and during lovastatin treatment (A: subject I) and before and during resin-niacin therapy (B: subject L). Two sets of statistical analyses were carried out with the results observed in the lovastatin-treated subjects (see Table   Table IV Lovastatin treatment did not cause a significant change in the whole-body PR ofcholesterol. Using the data from all nine subjects, the cholesterol PR was 1.09±0.31 (mean±SD) g/d before therapy, and 1.17±0.27 g/d on drug therapy (P = 0.13 by paired t test). No change in PR was found, either, when subjects B and D were omitted from the data analysis (see Table IV ).
No significant changes associated with lovastatin therapy were noted in the sizes of the exchangeable pools of body cholesterol, when the complete data set (n = 9 subjects) was used for analysis (see Table IV ). Thus, none of the changes, seen with drug therapy, in MI, in M3min, or in Mtotmin, were statistically significant. When subjects B and D were omitted from the data analysis (n = 7 subjects) the changes in M3min and Mtot min remained statistically not significant; however, with this data set (n = 7), a small but statistically significant (P = 0.02) decrease (mean of2.2 g) was seen in MI, the size ofthe rapidly exchanging compartment.
In our earlier work (9) we showed (in a population of 54 subjects with a wide range of lipid levels) that 53-76% of the variation among humans in the four major model parameters studied here (PR, MI, M3min, and Mtot min) could be explained by the variation in body weight, serum cholesterol, age, and adiposity. Using the predictive equations developed in this work (9), we could correct for the expected effects of changes in age and in body weight that occurred between the two studies in each subject. Accordingly, such an analysis was carried out to provide an examination of the effects of lovastatin therapy on the four model parameters corrected for the independent effects of changes in age and body weight. This analysis (data not shown) did not appreciably alter the sizes of the changes found in the model parameters as a result of therapy. No significant changes in the model parameters (on vs. before therapy) were found.
We also carried out analyses to search for possible correlations between the magnitude of the decrease in either total or LDL cholesterol level with lovastatin-and any of the four model parameters or the change in model parameters seen with therapy. No significant correlations were observed (P > 0.05 in every instance).
Treatment with colestipol resin plus niacin resulted in a marked, and over 100%, increase in PR, from a mean value of 1. 14 to 2.42 g/d (see Tables III and IV) . Only small, and statistically not significant, changes were seen in the sizes of the exchangeable pools of body cholesterol.
Discussion
These studies were conducted in order to explore the effects of lovastatin on the parameters of whole body cholesterol metabolism in intact human subjects. The results demonstrate that, whereas lovastatin therapy substantially reduced plasma total and LDL cholesterol levels, it did not significantly alter the total body cholesterol production rate, or the masses of exchangeable cholesterol in the rapidly exchanging compartment (pool 1), in the slowly exchanging compartment (pool 3), or in the total body.
With the three-pool model used here, cholesterol production rate is equivalent to the total body turnover rate (8 ( 18) have also reported that lovastatin acutely inhibited whole-body cholesterol synthesis in four subjects, as measured by deuterium incorporation into erythrocyte free cholesterol.
In the sterol balance studies of Grundy and Bilheimer (5), patients received lovastatin for only rather short (up to 6 wk) study periods; different results might possibly have been observed after much longer periods of drug treatment. In the present studies, the subjects had been on lovastatin therapy, at new steady-state plasma lipid levels, for 15 mo before the repeat cholesterol turnover studies were begun. In addition, the fact that we did not observe a reduction in body cholesterol synthesis rate in the present study might be a chance result of patient selection. Thus, it is possible that on long-term lovastatin therapy some patients might show no change, whereas others show a mild to moderate reduction, in total body cholesterol synthesis. In our group of nine subjects, however, only two subjects (numbers C and E, see Table II) showed PR reductions with lovastatin, and in both cases the extent of reduction was small. These results suggest that, in general, in patients on long-term treatment and in a new steady state, lovastatin has little or no effect on the total body synthesis rate of cholesterol.
This conclusion is somewhat surprising, since the mechanism of action of the drug is to interfere with cholesterol biosynthesis by inhibition of HMG-CoA reductase (19) . Inhibition of this rate-limiting enzyme is thought to initially lower the cellular concentrations of cholesterol, leading to an increased expression of the genes that are subject to regulation by intracellular cholesterol. One of these genes is that of the enzyme (HMG-CoA reductase) itself (2) . Thus, in vitro, marked increases in the levels of HMG-CoA reductase enzyme (20) and mRNA (21) have been seen after treatment with reductase inhibitors. Cells therefore respond to HMG-CoA reductase in-hibition by increasing the expression of the enzyme, thereby attempting to compensate for the inhibition ofcholesterol synthesis and to increase cholesterol synthesis rate back towards the initial level.
The results reported here suggest that, in vivo in humans, the tissues ofthe body respond to the inhibition of HMG-CoA reductase produced by lovastatin by increasing the synthesis of the enzyme sufficiently to overcome the block in cholesterol synthesis rate. In the new steady state, on long-term lovastatin therapy, the tissues appear to fully compensate for the initial inhibition of cholesterol synthesis that must have been produced by the drug, leading to an unaltered total body cholesterol PR. An alternative explanation for the lack of effect of lovastatin on cholesterol PR is that lovastatin does produce a steady-state reduction in cholesterol synthesis in liver, but that this is offset by an increase in cholesterol synthesis in other tissues in response to the decreased levels of cholesterol in the circulation. We consider this a less likely explanation for reasons discussed below.
Studies on the molecular level have demonstrated the coordinate regulation of a number of genes by intracellular cholesterol. These genes include those for several enzymes in the pathway ofcholesterol biosynthesis (HMG-CoA synthase [21] , HMG-CoA reductase [21] , prenyltransferase [22] ), and the gene for the LDL receptor (2) . These genes all share a common regulatory sterol response element in their 5' upstream regions (23, 24) . Two proteins have been identified by Gil et al. (25) that bind to the promoter region of the HMG-CoA reductase gene and may be important for regulation of gene expression. A zinc finger protein that binds to the sterol regulatory element has also recently been identified (26) .
Inhibition of HMG-CoA reductase leads to a coordinate increase in the expression ofall ofthese genes containing sterol regulatory elements. The effects on the LDL receptor are presumably responsible for the therapeutic effects of reductase inhibitors in hypercholesterolemic patients (1, 3, 4) . Increased LDL receptor activity in patients treated with lovastatin leads to an increased fractional rate of removal (clearance) of LDL from the circulation (3, 4) , and hence to a reduced plasma level of LDL. Additional support for this mechanism (increased receptor-mediated clearance of LDL) is provided by the observation that lovastatin had no effect on LDL cholesterol levels in three children with homozygous familial hypercholesterolemia (27) . These data suggest that the LDL receptor is required for lovastatin to exert a therapeutic effect. In addition, Malmendier et al. (28) studied LDL apoB turnover in seven normal subjects and concluded that the effect of simvastatin can be explained by an enhanced fractional removal of LDL from the circulation by the receptor route. Nevertheless, other mechanisms may also be operative in certain kinds ofpatients. For example, lipoprotein kinetic studies have shown that treatment of patients with combined hyperlipoproteinemia with lovastatin results in a decrease in the production rate of LDL with little change in LDL catabolism (29) . Similarly, a decrease in LDL apo B production rate was reported to occur in a child with cholesteryl-ester storage disease who was treated with lovastatin (30) . In some patients, lovastatin therapy may decrease triglyceride production rates (31 Cholesterol is an essential molecule, required for the normal structure of cell membranes and continued viability of mammalian cells. Accordingly, the cellular content and supply 806 of cholesterol are homeostatically closely regulated (33). It could be argued that an agent which interferes with cholesterol biosynthesis and reduces tissue pools of cholesterol might be potentially toxic to cells in the long term. The results reported here, however, suggest that lovastatin at a therapeutic dose does not compromise tissue (and hence cellular) cholesterol content, and hence should not be worrisome in this respect with regard to long-term safety.
The lack of a reduction in the size of pool 3 might, at first glance, be disappointing. One might wish, for example, that an agent that reduces plasma cholesterol and is antiatherogenic would lead to a reduction in the size of the slowly exchanging and total exchangeable body pools of cholesterol. As discussed previously (1 1), however, cholesterol in atheromata represents a tiny fraction of the mass of pool 3 or of exchangeable body cholesterol. If there were effects of lovastatin that mainly influenced the mass of cholesterol in atherosclerotic plaque but had very little influence on the mass of other tissue pools of cholesterol, such effects would probably be undetected in the present studies. It is well established that the extent of atherosclerosis is largely determined by the plasma levels of total and LDL cholesterol (34, 35). Recent studies have shown, moreover, that aggressive cholesterol-lowering therapy can induce regression ofatherosclerotic plaques in the coronary arteries of hyperlipidemic patients (36, 37) . Thus, by markedly reducing the concentration of LDL in plasma, HMG-CoA reductase inhibitors apparently manifest desirable effects with regard to the prevention of atherosclerosis and coronary heart disease, without altering the major parameters of body cholesterol metabolism.
